This report investigates the atmospheric flight mechanics of two projectiles connected by a flexible tether. Both projectiles are individually modeled with six degrees of freedom. The projectile aerodynamic model depends on angle of attack and Mach number and includes unsteady roll, pitch, and yaw aerodynamic damping. The tether is split into a finite number, of beads, with each bead possessing three translation degrees of freedom. Forces acting on the beads include weight, line stiffness, line damping, and aerodynamic drag. The tether aerodynamic drag force is dependent on the tether line angle of attack and Mach number. The tether line deployment process is modeled with a single degree of freedom that permits unreeling resistance to be incorporated. The effect of follower-to-lead projectile mass ratio and drag coefficient ratio on system response are investigated.
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Projectile Mathematical Models
The mathematical model describing the motion of both projectiles allows for six rigid-body degrees of freedom comprised of three body inertial position coordinates as well as three Euler I angle body attitudes. This mathematical model has been validated against spark range data for a generic 25mm, fin-stabilized sabot launched projectile [7] . Agreement between the model and range data is excellent.
The equations presented below use the ground surface as an inertial reference frame. The body frame is defined in the conventional manner [8] , and the dynamic equations are written with respect to this coordinate system. The translation and rotation kinematic and dynamic equations for the lead projectile are given by equations (14) [8, 9] .
(1)
The follower projectile equations are identical in sn-ucture to the previous equations, but are omitted here due to space limitations. The matrix [T,,,] represents the transformation from the lead projectile body frame to the inertial frame. The matrix [S, J is the skew symmetric cross product operator on the lead projectile body angular velocity components.
The total applied forces on the lead projectile is split into contributions due to the tether line (T), weight (W), and body aerodynamics (A). The total applied body moments contain conuibutions from the tether line (T), steady body aerodynamics @A), and unsteady body aerodynamics (UA).
(6)
The projectiles considered in the subsequent analysis are spin-stabilized with relatively low roll rates, so Magnus effects were not included in the aerodynamic expansion. The steady body aerodynamic moment is computed by a cross product between the distance vector from the center of gravity to the center of pressure and the steady-body aerodynamic force vector. The unsteady body aerodynamic moment provides a damping source for projectile angular motion and is given. 
The longitudinal and lateral aerodynamic angles of attack, a, and & , are computed using the following equations:
Air density is computed using the center of gravity position of the appropriate projectile in concert with the standard atmosphere [lo] . The aerodynamic coefficients are Mach number dependent. Computationally, they are obtained by a table look-up scheme using linear interpolation. Mach number is computed at the center of gravity of the respective projectile.
Tether Mathematical Model
As depicted in Figure 
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Equations (10) and (11) 
. The elastic tether line force, expressed in the inertial reference frame, is given by equation (14). (14) The magnitude of the tether line force, FT 9 is determined by equation (15).
The second condition in equation (15) stipulates that when the tether line is slack, no force is transmitted across the tether. As the tether stretches, the tether diameter decreases. The diameter reduction, as a function of tether line extension, can be computed using Poisson's ratio for the tether material.
(W 3.2 Aerodynamic Line Forces. Aerodynamic forces on the tether line are generated by two sources: skin friction and flat plate drag. The matrices P, and I$ , defined by equations (17) and (18), are used to compute tether aerodynamic forces.
pT +AT ( 
Skin friction drag acts in a direction parallel to the tether line and is given by equation (19).
Aerodynamic loads on a particular tether bead are obtained using average tether bead direction, diameter, and length from adjacent line elements. The skin friction drag coefficient is a function of the local Mach number at the tether bead. In the inertial reference frame, the skin friction drag exerted on a tether bead is given by equation (20). (20) The local aerodynamic velocity along a tether bead element, vSfi , can be computed by a dot product of the velocity vector with the normalized tether bead direction vector.
The flat plate drag force exerted on the tether line element responds normally to the tether bead element vector and is directed parallel to the aerodynamic velocity normal to the tether bead direction vector.
The flat plate velocity vector is computed by subtracting the skin friction drag velocity from the total tether bead inertial velocity.
The flat plate drag coefficient, C, p is a function of the Mach number at the tether bead. The flat plate drag force expressed in the inertial reference frame is given by equation ( 
Reel Dynamic Model
The tether reel is assumed to consist of a rotating reel acted on by an elastic line force, FE, that tends to pay out the tether line and a resistance force, FR , which opposes the unreeling process. Rather than using reel rotation as a degree of freedom, it is more convenient to use 8 tether line pay-out as a dynamic variable. Equation (25) 
The tether reel damping and stiffness coeffkients are scheduled as a function of tether pay-out so that the unreeling process can be dynamically tailored. The tether pay-out dynamic equation is a linear second order system with variable coefficients. With this general equation, any reel geometry that exhibits second order behavior can be accommodated.
Flight Phases
Simulation of the complete mission involves four distinct flight phases. When initially deployed from an aircraft, both projectiles are rigidly connected so the complete system moves as a rigid body. At a specific time after munition release, the follower projectile is unrestrained from the lead projectile and the tether line commences its unreeling process. The third flight phase is the time between when the tether line is completely unreeled and when the lead projectile impacts the target. After the lead projectile hits the target and stops moving, the follower projectile and the tether line continue their motion toward the target. A cartoon of the first four flight phases is provided in Figure 2 .
Results
In order to exercise the dynamic model previously described, simulation results for an example system are shown. The baseline lead projectile is a 2,000 lb, fm-stabilized projectile.
The tether line is 1,000 ft long with a total weight of approximately 3 lb. The reel stiffness coefficient is 0.1, and the reel damping is 1 .O. It is assumed that the lead projectile is The lead and follower projectiles are separated at T = 0 s. Figure 3 plots the range of the lead and follower projectiles for a follower-to-lead mass ratio of 1% and 100%. The 100% mass ratio case has a slightly greater range because the projectiles separate more slowly and reel resistance is reduced. For a given mass ratio, both the lead and follower projectiles follow similar trajectories. The total flight time is approximately 40 s.
Figures 4 and 6 show the pitch attitude and pitch rate for the same conditions as Figure 3 . The pitch angle of both projectiles follows the same trends of decreasing from a level attitude to below 70" nose down at impact. The lead projectile oscillates at a frequency of l/7 cycles per second. Figure 5 shows the forward body velocity of the lead and follower projectiles for a mass ratio of 1% and 100%. The lowest trace with oscillations at T = 22 s is the follower projectile for a mass ratio of 1%. The lead projectile is the middle trace at T = 30 s. The lead projectile tends to increase in speed more than the follower projectile. The follower projectile does not slow down because as the tether line pays out, the resistance force in the tether reel tends to pull the follower projectile with the lead projectile. At about 22 s into flight, the tether line is fully deployed, and the lead projectile "snatches" the follower projectile and sharply increases its speed. The elastic nature of the tether line increases the speed of the follower projectile such that it is greater than the lead projectile.
At the first peak in the follower projectile velocity time trace, the tether line goes slack and no force is transmitted along the tether line. At this point, the follower projectile is essentially uncoupled from both the lead projectile and the tether line. For this reason, the follower projectile begins to slow down to its uncoupled steady state drop velocity. The follower projectile continues to slow down until approximately 22.7 s into flight, when the lead projectile "snatches" the follower projectile again and rapidly increases its speed. This sequence continues Time (s) Figure 6 . Pitch Rate (Lead/Follower, Mass Ratio = 1%, 100%).
13 for six cycles, and then the lead and follower projectiles enter a steady state condition. At t = 42 s, the lead projectile impacts the ground and obviously stops moving. The tether line rapidly goes slack and again the follower projectile speed slows as it seeks to attain steady state drop velocity. Notice for this mass ratio, the lead projectile is essentially unaffected by the follower projectile and the tether. At T = 30 s, the lower trace is the follower projectile, and the upper trace is the lead projectile for a mass ratio of 100%. Notice for this mass ratio, the line takes longer to deploy due to the similar dynamic characteristics of both bodies, and significant interaction between the lead and follower projectiles exists. The plot representing the angle of attack vs. time (Figure 7) shows that the angle of attack remains small for both the lead and follower projectiles. because higher drag ratios pay out the line more rapidly and increase the lead projectile resistance.
For a mass ratio of I%, Figures 13-19 show parametric trends on the response of the system to different drag coefficient ratios between the lead and follower projectiles. As in the previous case, the lead and follower forward velocity time histories show a predictable speed reduction as the drag ratio is increased. However, the basic shape of the curve shows an oscillation induced by the snatch load. 
Conclusions

